iNtRodUctioN the geochemical behaviour and stability relationships of rare earth elements (REE) -bearing phosphates have been a topic of broad interest for several decades. apatite [ca 5 (Po 4 Primary REE-enriched fluorapatite and fluorbritholite-(ce) in nepheline syenite from the Mariupol Massif (SE Ukraine), contain textural and chemical evidence of late-to post-magmatic metasomatic alteration. REE mobilization and replacement of the primary phases by fluid-mediated coupled dissolution-reprecipitation strongly depended on the distance between the altered minerals in the host rock. fluorapatite and fluorbritholite-(ce) forming individual pristine grains were partially replaced by the same phase with a new composition, resulting in the presence of patchy zoning in altered grains. the increased REE contents in altered fluorapatite rim domains are related to REE mobilization from the altered REE-depleted rim domains of the fluorbritholite-(ce). the REEs were transported by a fluid with high f activity. the alteration of fluorapatite and fluorbritholite-(ce) grains in contact resulted in the partial replacement of the primary phases by the same phase with a new composition, but also in the partial replacement of the fluorapatite by secondary monazite and fluorite. the REE mobilized from the fluorbritholite-(ce) in the presence of a f-rich fluid in an alkali-rich system promoted formation of monazite as the new phosphate REE-host. the presence of secondary parisite in the altered domains of the fluorapatite and fluorbritholite-(ce) indicates a co 2 component in the fluid during metasomatic alteration.
nificant tolerance to structural distortion and chemical composition of apatite-group minerals contribute to the numerous geological, environmental/palaeoenvironmental and technological applications that require an understanding of the substitution mechanisms and other factors controlling the composition of apatites (cf. Pan and fleet 2002) . in general, the REE contents in apatite are low; however, extremely high concentrations of REE 2 o 3 (up to ca. 18 wt.%) in apatite were documented in nepheline syenite from the ilímaussaq alkaline complex, South greenland (Rønsbo 1989 (Rønsbo , 2008 . Hence, REEs in alkaline rocks do not necessarily concentrate only in monazite as the major phosphate REE-host, giving us the potential to study REE partitioning.
Previous work on the stability relationships of apatite and monazite focused mainly on processes in silica-saturated crystalline rocks (e.g. Bingen et al. 1996; Broska and Siman 1998; finger et al. 1998; wing et al. 2003; Broska et al. 2005; Janots et al. 2006 Janots et al. , 2008 Janots et al. , 2011 finger and krenn 2007; krenn and finger 2007; tomkins and Pattison 2007; Berger et al. 2008; Budzyń et al. 2010; ondrejka et al. 2012) . the textures most typically preserving the constituents of the reaction between REE phosphates and silicates are related to monazite breakdown and the subsequent formation of secondary fluorapatite-allanite-epidote coronas (e.g. Broska and Siman 1998; finger et al. 1998) . Since monazite and allanite stability relationhips are strictly dependent on fluid and bulk rock compositions (e.g. lee and dodge 1964; lee and Bastron 1967; Spear 2010; Budzyń et al. 2011) , the occurrence of allanite is unexpected in low-ca and high-Na rocks such as syenites. Rather, fluorapatite, britholite and, potentially, monazite may be formed as the main hosts of REEs (cf. Rønsbo 1989 Rønsbo , 2008 Budzyń et al. 2011) . REE mobilization between these phases can be related to primary crystallization from the protolith or to late-to post-magmatic processes. the last two decades have brought significant interest in the metasomatic alteration of the REE-bearing phosphates, particularly in pseudomorphic partial replacements driven by fluidmediated coupled dissolution-reprecipitation, documented in nature (e.g. Harlov et al. , 2007 Hetherington and Harlov 2008; williams et al. 2011; Upadhyay and Pruseth 2012) and reproduced experimentally (e.g. teufel and Heinrich 1997; Seydouxguillaume et al. 2002; Harlov et al. 2005 Harlov et al. , 2011 Hetherington et al. 2010; Budzyń et al. 2011; williams et al. 2011; Harlov and wirth 2012) .
this study documents the stability relationships of REE-enriched fluorapatite, fluorbritholite-(ce) and monazite in mariupolite, a leucocratic variety of nepheline syenite from the Mariupol alkaline massif (Nw part of the eastern Priazovian region, Ukraine). the primary magmatic accessory phases, i.e. fluorapatite and fluorbritholite- (ce) , show evidence of low temperature alteration resulting from fluid-aided coupled dissolution-reprecipitation. Recognition of these processes is crucial in understanding mineral-fluid interactions, stability relationships and REE-partitioning between phosphates.
gEological BackgRoUNd aNd SaMPlE dEScRiPtioN the Mariupol (oktyabrski) alkaline massif (Ukrainian Shield, south-eastern Ukraine), which covers an area of ca. 34 km 2 (e.g. krivdik et al. 2007) , is a unique province of Proterozoic alkaline magmatism, with an age constrained to ca. 1.8 ga (Volkova 2000 (Volkova , 2001 . the massif is formed mostly of alkaline syenites and foyaites, with minor amounts of aegirine-albite nepheline syenites (the so-called mariupolite; Morozewicz 1902 Morozewicz , 1929 , subalkaline gabbros, and their derivatives (peridotites, pyroxenites). aegirine foyaites and agpaitic phonolites occur mainly among host granitoides in the outer parts of the massif (text- fig. 1 ). the vast majority of rocks belong to an agpaitic suite (i.e. containg complex silicates enriched in zirconium, titanium, the rare earth elements, and fluorine) whilst mariupolite is an intermediate variety between miaskitic and agpaitic types (Sharygin et al. 2009 ). Mariupolite covers only a small area (ca. 5-10%) of the whole massif. further details on the massif can be found in tichonienkova et al. (1967), donskoy (1982) , Solodov (1985) , Volkova (2000; 2001) and krivdik et al. (2007) .
the leucocratic, fine-to medium-grained variety of nepheline syenite (mariupolite) shows porphyritic and chaotic or, locally, fluidal textures. the main mineral assemblage includes albite (ab 94-92 an 6-8 ), nepheline and aegirine with subordinate amounts of lepidomelane, k-feldspar, pyrochlore, sodalite, natrolite, zircon, fluorite, cancrinite, fluorapatite, fluorbritholite and monazite. the predominant mineral is albite, forming fine prismatic grains with rare twinning, or large grains of an older generation defining the porphyritic fabric of the rock. the nepheline forms large, dynamically deformed crystals with patchy extinction. the lepidomelane and cancrinite grains concentrate mainly close to the sodalite and natrolite aggregates. the kfeldspar forms large tabular grains, which occasionally reveal a crosshatched microcline pattern. zircon crystallizes as euhedral grains with oscillatory zoning along the rims and irregular patchy zoning in the cores (dumańska-Słowik et al. 2011a ). Euhedral to subhedral grains of pyrochlore are present in the interstices between the albite grains. the pyrochlore is surrounded by coronas of acicular fe-chlorite. a more detailed mineralogical description of the mariupolite is presented by dumańska-Słowik et al. (2011b).
aNalytical PRocEdURES
Preliminary observations were performed on polished thin sections using a fEi Quanta 200 field emission gun scanning electron microscope (SEM) equipped with an EdaX energy dispersive spectrometer (EdS) at the department of Mineralogy, Petrography and geochemistry, the agH University of Sci-249 StaBility RElatioNSHiPS of REE-BEaRiNg PHoSPHatES iN aN alkali-RicH SyStEM text- fig. 1 . a geological map of the Mariupol massif (SE Ukraine) (modified from dumańska- Słowik et al. 2011a) ence and technology, kraków; and a lEo 1430 SEM equipped with an oxford iSiS 300 system at the Polish geological National Research institute in warsaw. chemical analyses were conducted using a cameca SX-100 electron microprobe at the inter-institute analytical complex for Minerals and Synthetic Substances at warsaw University. Electron microprobe operating conditions, standards and detection limits are presented in table 1. the raw data were corrected using the PaP procedure (Pouchou and Pichoir 1985) . Bulk-rock analyses were performed in the actlabs activation laboratories ltd., ancaster, ontario, canada. the abundances of major oxides and trace elements were determined using inductively coupled Plasma-optical Emission Spectrometry (icP-oES) and inductively coupled Plasma-Mass Spectrometry (icP-MS), following lithium metaborate/tetraborate fusion and dilute nitric digestion. Major oxides and trace elements were analysed using thermo Jarrell-ash ENViRo ii icP or a Spectro cirros icP and Perkin Elmer SciEX ElaN 6000 icP-MS, respectively. calibration was performed using multiple USgS and caNMEt certified reference materials. the results of the whole rock analysis are presented in table 2.
RESUltS the phosphate mineral assemblage in the mariupolite comprises mainly fluorbritholite-(ce) and fluorapatite, whilst monazite occurs in minor amounts. Both fluorbritholite-(ce) and fluorapatite occur as individual matrix grains.
the fluorapatite forms anhedral, individual grains (up to 3 mm in size) dispersed in the mariupolite matrix near lepidomelane, feldspar, zircon and nepheline. it shows patchy zoning (c. 2) with dark domains in high contrast BSE imaging, which dominate in the inner parts of grains, while the bright domains are present along rims, and penetrate the grain interiors leaving the dark domains that seem to look like subgrains (text- fig. 2 ). the bright domains along the rims show sharp boundaries with the internal zones, and occasionally contain inclusions of parisite (text- fig. 2c ). the fluorapatite is significantly enriched in REEs, and reflects some compositional variation between the domains. the bright domains contain 13.6-16.6 wt.% REE 2 o 3 versus 10.5-12.5 wt.% in dark domains (table 3) . the Na content is also elevated, and differs between the bright and dark domains, i.e. from 2.2-.6 wt.% to 1.6-1.8 wt.% Na 2 o, respectively (table 3) . the enrichment in Na and REEs is accompanied by a decrease in the ca content (text- fig. 3 ). the concentrations of Si, Sr and Mn are similar within the fluorapatite, and do not reflect variations between the internal domains.
the fluorbritholite-(ce) usually occurs in association with albite, aegirine, zircon and pyrochlore. it forms individual anhedral matrix grains up to 700 μm that exhibit patchy zoning in high contrast BSE imaging (text- fig. 4 ). the boundaries between the bright and dark domains display irregular shapes. in general, the bright domains are present in the inner parts, while the rims are dominated by the dark domains. the grain boundaries show irregular, lobate shapes suggesting that the grains are corroded. Single inclusions of fluorapatite and natrolite concentrating mainly near the rims of the grain are found rarely. the fluorbritholite shows some variation in composition between bright and dark domains. the bright domains are enriched in REE (56.3-60.1 wt.% REE 2 o 3 ) compared to the dark domains (53.4-55.2 wt.% REE 2 o 3 ; table 4). Simi-larly, the bright domains are distinctly depleted in ca and th (13.3-15.1 wt.% cao; 0.4-0.6 wt.% tho 2 ) in opposite to the dark patches domains (15.8-17.2 wt.% cao; 0.7-1.5 wt.% tho 2 ). Hence, the distinct enrichment in REEs is accompanied by significant decrease of ca+th content. Negative correlations of 2(REE) vs ca+th (r = -0.979) and Si+REE vs ca+P (r = -0.991) are observed in fluorbritholite-(ce).
fluorbritholite-(ce) grains occasionally are closely associated with fluorapatite in the matrix. the grain boundaries between fluorbritholite-(ce) and fluorapatite are filled with a fine-grained symplectite of monazite and fluorite grains, which are also present as inclusions within the fluorapatite (text- fig. 5 ). the symplectitic monazite forms anhedral grains up to ca. 100 µm in size. the monazite also forms elongated, up to ca. 200 µm, grains that partially surround the fluorapatite.
the fluorbritholite-(ce) associated with fluorapatite shows patchy zoning in high contrast BSE imaging, with dark domains in the core and bright domains along the rims that occasionally contain small inclusions of arasite [ca(ce,la) 2 (co 3 ) 3 f]. the bright and dark domains contain similar concentrations of REEs (58.3-60.2 wt.% vs. 58.6-58.9 wt.% REE 2 o 3 , respectively), th (0.9-1.1 wt.% vs. 0.8-1.0 wt.% tho 2 , respectively) and P (2.2-3.4 wt.% vs. 1.8-2.7 wt.% P 2 o 5 , respectively). the differences are found (cf. fleet et al. 2000; Pan and fleet 2002) . the bulk rock composition (table 2) indicates that the melt from which fluorapatite crystallized was a silica-undersaturated (60.2 wt.% Sio 2 with 19.5 wt.% of nepheline following ciPw norm) and significantly Na-enriched (12.11 wt.% Na 2 o) comparing to the low ca concentration (0.37 wt.% cao). a recent experimental study documented monazite dissolution in the presence of a (Na 2 Si 2 o 5 + H 2 o) fluid, and the formation of fluorapatite-britholite solid solution . Experimentally reproduced high Na activity conditions partially support the interpretation in this study that an alkali-rich system promotes incorporation of REEs into primary igneous fluorapatite and fluorbritholite rather than crystallization of monazite as a primary phosphate REE-host. the light REEs (lREEs) are preferentially substituted into the structure over heavy REEs (HREEs), which are below detection limits of the electron microprobe in both fluorapatite and fluorbritholite- (ce) (tables 3, 4) . the high lREE/HREE ratio is strictly related to the bulk-rock composition, where lREEs significantly dominate over HREEs (table 2) .
the patchy zoning in both the fluorapatite and fluorbritholite-(ce) are typical results of metaso- matic alteration leading to partial replacement via fluid-mediated coupled dissolution-reprecipitation (e.g. Putnis 2002 Putnis , 2009 . the reactive fluid generally operates as a catalyst, leading to the replacement of a mineral phase by a new composition of the same phase or by a completely new phase . chemical alteration via fluid-aided dissolution-reprecipitation may lead to the formation of various textures, including patchy zoning, but also concentric zoning that may be interpreted as a typical growth texture instead of a result of partial replacement (cf. Hetherington et al. 2010; Harlov et al. 2011; williams et al. 2011) . the process requires the same rates of dissolution of the primary phase and reprecipitation of the altered (or new) phase, which are in direct contact, separated only by a thin fluid film operating at a submicron scale to transport material across the reaction front . the fluorapatite showing patchy zoning and overgrowth-like rims that are bright in BSE images (text- fig. 2c ) is interpreted as a primary igneous phase metasomatically altered via fluid-aided dissolutionreprecipitation. there is no doubt that the patchy zoning is the result of such a process. although bright rims potentially may be overgrowths, the partial penetration into the grain cores along the patches borders and the presence of secondary parisite inclusions indicate that the rims were also formed by the chemical alteration of fluorapatite. the high-Na bulk composition promoted the REEs transported across fluid front penetrating fluorapatite to be incorporated into the structure via the substitution Na + + REE 3+ = 2ca
2+
. the ca (and f) released from the altered fluorapatite formed parisite inclusion, which points to the presence of a co 2 component in the reactive fluid. the source of REEs was probably the fluorbritholite-(ce) that also shows patchy zoning, although the brighter domains concentrate near the cores, whilst darker domains, interpreted as chemically altered, are present near the rims. the reactive fluid penetrating the primary igneous britholite-(ce) released REEs that were mobilized and incorporated into the altered fluorapatite. REEs mobility was induced by a fluid with a high f activity (cf. Pan and fleet 1996; tropper and Manning 2007) . the progress of the alteration differed significantly, depending on the distance between the fluorapatite and fluorbritholite-(ce) grains in the host mariupolite. the close proximity of fluorbritholite-(ce) resulted in the fluid-aided dissolution-reprecipitation replacement of the altered fluorapatite by secondary monazite and fluorite that form symplectite-like grains surrounding, and present within, the fluorapatite. the altered fluorbritholite-(ce) was a source of REEs that were mobilized and transported over a short distance to the altered fluorapatite to form monazite. Mobilization of Po 4 3-anions from the fluorapatite in the presence of frich fluid followed, with mobilization of ca 2+ to form fluorite. additionally, the altered domains in fluorbritholite-(ce) contain parisite inclusions, suggesting a co 2 component in the reactive fluid that facilitated chemical alteration.
there is no direct evidence as to the precise conditions of fluorapatite and fluorbritholite-(ce) alteration. the presence of secondary monazite with a low th content may suggest low temperature conditions, according to the previous work that has documented very low th contents in monazite formed during lowgrade metamorphism (Rasmussen and Muhling 2009) or hydrothermal events (kempe et al. 2008) . However, the th concentration in the monazite is also controlled by the th budget in the bulk composition during monazite crystallization. Here, the tho 2 content in monazite (0.5-1.2 wt.%) is similar to that in the fluorbritholite-(ce) (0.5-1.5 wt.%), and there is no other potential source among the primary mineral phases. a recent experimental study on the stability relationships between monazite, fluorapatite, allanite and REE-epidote , even though it concerned a silica-saturated system, may be a reference point in this discussion. the experimental results from runs with NaoH (alkaline) fluid showed that starting monazite is dissolved to form secondary monazite and fluorapatite-britholite at lower P-t conditions (450°c, 450 MPa), while increasing P or t promotes dissolution of monazite to form secondary fluorapatite (500°c, 450 MPa) or fluorapatite-britholite phase and allanite (450°c, 610-580 MPa) . Because the ca activity plays a significant role in the stability relations of monazite, allanite and fluorapatite in granitic rocks (lee and dodge 1964; lee and Bastron 1967; Bea 1996; Broska et al. 2000; claeson 2002) , it is unexpected that allanite or REE-epidote would form in the mariupolite, which has a low ca content. Rather, high temperature conditions promoted crystallization of primary REE-enriched fluorapatite 
